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Macropuncture study of polycystic disease in adult human
kidneys. Solute composition, volume, and hydrostatic pressure
were measured in cysts from eight patients with the adult form of
polycystic kidney disease (PCKD). Five azotemic patients had
elective nephrectomies in preparation for renal transplantation,
two nonazotemic patients had their polycystic kidneys removed
several weeks after a successful renal allograft, and one non-
azoternic cadaver was inadvertently nephrectomized as a poten-
tial kidney donor. In all patients, the pattern of solute concentra-
tions in cyst fluid segregated into two principal groups: Proximal
cysts had sodium, potassium, chloride, hydrogen ion, creatinine,
and urea values virtually equal to their respective sera, whereas
distal cysts had sodium and chloride concentrations lower and
potassium, hydrogen ion, creatinine, and urea concentrations
greater than serum. In the two subjects who received renal allo-
grafts and were not azotemic, creatinine and urea concentrations
in the proximal cysts reflected nonazotemic values, indicating
redistribution of these solutes across proximal cyst walls after
the extracellular fluid was normalized. By contrast, distal cysts
maintained steep concentration gradients for creatinine and urea.
Transmural hydrostatic pressures were similar in proximal and
distal cysts and were not different from normal intratubular pres-
sures. These studies provide strong support for the view that
cysts are massively enlarged segments of nephrons and collect-
ing tubules that qualitatively maintain their basic solute transport
functions throughout the life of the patient.
Etude de Ia maladie polykystique par ponctions de reins
d'humains adultes. La composition en substances dissoutes, le
volume et al pression hydrostatique ont été mesurés dans les
kystes de huit malades atteints de Ia forme adulte de Ia maladie
polykystique (PCKD). Cinq malades atteints d'insuffisance ré-
nale ont subi des néphrectomies préparatoires a la trans-
plantation rénale, deux malades non azotémiques ont eu
l'ablation des reins polykystiques quelques semaines après une
greffe rénale réussie et un prélévement a été fait sur un cadavre
considéré comme un donneur potentiel. Chez tous les sujets les
profils des concentrations de substances dissoutes dans le liquide
des kystes se répartissent en deux categories principales: les
kystes proximaux ont des valeurs de sodium, potassium, chlo-
ride, hydrogène, créatinine, et urée pratiquement égales a leurs
plasma respectifs, alors que les kystes distaux ont des concentra-
tions de sodium et chloride plus faibles et des concentrations de
potassium, hydrogène, créatinine, et urée plus élevées que
celles du plasma. Chez deux sujets qui avaient recu des allo-
greffes et n'étaient pas azotémiques les concentrations de créati-
nine et de l'urée dans les kystes proximaux reflétaient les valeurs
non azotémiques, cc qui indique une redistribution de ces sub-
stances dissoutes a travers Ia paroi des kystes proximaux après
que le liquide extracellulaire ait été normalisé. Les kystes dis-
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taux, au contraire, maintiennent une difference de concentration
importante pour Ia créatinine et l'urée. Les pressions hydro-
statiques transmurales sont semblables dans les kystes pro-
ximaux et distaux et ne sont pas différentes des pressions intra-
tubulaires normales. Ces etudes apportent un argument impor-
tant en faveur de i'hypothèse scion laquelle les kystes sont des
segments de néphrons très grossis qui conservent qualita-
tivement leurs fonctions élémentaires de transport tout au long
de la vie du malade.
Polycystic disease is one of the least subtle of the
kidney disorders. In the infantile and adult varie-
ties, the kidneys enlarge, often to a massive extent,
due to the accumulation of fluid in multitudes of
cysts scattered throughout the renal parenchyma
[I]. The infantile form progresses to renal failure
and death at an early age. By contrast, individuals
with the adult variety usually are asymptomatic un-
til the third or fourth decade of life, when symptoms
of renal enlargement, hemorrhage, hypertension, or
azotemia appear.
It has been suggested that cysts develop from en-
largment of individual nephron segments in both in-
fantile and adult polycystic kidney disease (PCKD)
[2]. Microdissection studies indicate that the cysts
arise from nearly all segments of the nephron and
collecting ducts in adults, and moreover, that the
cystic cavity communicates with nephron segments
proximal and distal to the localized sections [2, 3].
Lambert [3] and Bricker and Paton [4] observed
that inulin and PAH entered the cysts, and Gardner
[5] provided additional evidence to suggest that the
cysts continued to function in a manner similar to
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the nephron segment from which they arose. A
more complete description of the extent to which
cysts function as gigantic nephrons is central to the
understanding of the pathogenesis of this peculiar
group of chronic diseases. Accordingly, in this pa-
per we have analyzed the composition of hundreds
of cysts in patients with the adult form of polycystic
disease in various stages of development. From this
study it is clear that PCKD is a remarkable renal
condition in which many of the basic functions of
renal tubules are maintained throughout the life of
the patient even though the nephrons are enor-
mously larger than their normal size.
Methods
Eight patients, four female (pats. 1, 3, 5, 6) and
four males (pats. 2, 4, 7, 8), with the adult type of
PCKD are used in this study. All had bilateral cystic
kidneys; seven had a family history of PCKD. In
seven patients the disease had progressed to the
point that dialysis was necessary for survival. Five
patients with histories of urinary tract infection had
bilateral nephrectomy in preparation for renal trans-
plantation. Two patients who had no history or clin-
ical evidence of renal infection received successful
cadaveric renal allografts. Their polycystic kidneys
had to be removed several weeks after trans-
plantation because of renal infection.
One subject had suffered a fatal head injury, the
kidneys being donated for renal transplantation. In
this patient, there was no antecedent history of re-
nal disease, and the serum creatinine and urea nitro-
gen values were normal. The kidneys appeared cys-
tic on direct inspection. Nephrectomy was done
with less than 15 mm of warm ischemia. The kid-
neys were perfused through an arterial cannula with
a protein-rich perfusate on a pulsatile pump at 100 C
for approximately 24 hours [6].
In the living patients, the kidneys were removed
through a midline abdominal incision in conjunction
with endotracheal anesthesia. Each kidney was dis-
sected free of surrounding tissue; the artery, vein
and ureter were clamped and severed; and the or-
gan was taken to an adjacent room for aspiration of
cyst fluid.
Fluid was aspirated principally from surface cysts
containing clear fluid; a few samples were taken
from cysts lying 2 to 3 cm below the renal capsule.
In those cases in which hydrostatic pressure was
measured in the cysts, the following procedure was
used. A 21-gauge needle fitted to a three-way stop-
cock was connected to a polyethylene tube, which
in turn was connected to a pressure transducer
(Stratham) attached to a strip-chart recorder. The
tubing and needle were filled with isotonic saline,
and the instrument was adjusted to zero baseline
pressure with the tip of the needle adjacent to the
site of cyst puncture. The needle was thrust into the
cavity of the cyst and the pressure recorded. The
puncture was judged valid if a square-wave re-
sponse was obtained as the needle was inserted into
and removed from the cyst cavity. Recordings were
discarded, and these were few in number, if the
pressure recording was unstable and tended to de-
crease, indicative of a leak at the puncture site. Af-
ter the pressure was recorded, the contents of the
cyst were aspirated into calibrated plastic syringes,
the tip of the syringe was capped, and the sample
was stored on ice until transfer to a permanent stor-
age vial. Aspiration of fluid from cysts caused the
pressure to fall to baseline.
Many of the cysts contained old blood (so-called
chocolate cysts) or were grossly infected. We made
measurements of pressure and aspirated fluid only
from cysts that contained transparent fluid. Fluid
from the other cysts was cultured for microor-
ganisms.
The pH was measured anaerobically by glass
electrode. Sodium, potassium, chloride, phosphate,
calcium, glucose, urea-nitrogen, creatinine, total
protein, and urate were measured in cyst fluid and
serum by automatic analysis (Technicon Autoan-
alyzer) by procedures adopted by certified clinical
laboratories. Most of the samples were large
enough that no dilution was required prior to analy-
sis. The concentrations are expressed per liter of
cyst fluid. The cyst water fraction was generally
greater than 93% of the total volume. Osmolality
was determined by freezing point depression. "Hip-
purates" were estimated by fluorimetric analysis
[7].
The patients were dialyzed two to three times per
week for varying periods prior to nephrectomy
(Table 1). Serum samples were obtained prior to
a dialysis procedure about twice a month. The av-
erage value for each of the serum constituents was
determined. The organ donor was hospitalized for 2
days and maintained on a respirator until death was
pronounced. Two samples of blood serum were
obtained during that period.
Results
The solute concentrations of the cyst fluids were
compared with the respective constituents in the
extracellular fluid (serum). It is reasonable to as-
sume that in the nonazotemic organ donor the few
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Table!. Serum valuesa
values for serum constituents available to us reflect-
ed those in the steady state because they fell gener-
ally into ranges considered normal (glucose was an
exception and was elevated due to administration of
i.v. fluids containing glucose). The situation was
more complicated for patients undergoing hemo-
dialysis treatments chronically. There were rela-
tively wide swings day to day in the serum concen-
trations of creatinine, urea nitrogen, and many oth-
er substances in these patients. For the five
azotemic hemodialysis patients reported here, we
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averaged the predialysis serum values for all of the
substances measured in the cysts. Such serum mea-
surements are made routinely in dialysis units once
or twice a month. The range of values for creatinine
and urea nitrogen is rather large in a given patient;
nevertheless, the average values for these sub-
stances remained reasonably stable for long periods
of time in patients treated with a constant dialysis
regimen.
The proper serum values to use for comparison to
cyst fluids were more difficult in patients who had
their cystic kidneys removed after a successful re-
nal allograft. In such cases, the cystic kidneys expe-
rienced two radically different environments, one
azotemic and the other nonazotemic, over a rela-
tively short period of time. In the two patients stud-
ied here, nephrectomy was done for medical in-
dications several weeks after the allograft had es-
tablished relatively normal serum values (Fig. 1). In
both patients, the serum concentrations of most sol-
utes were reasonably normal and relatively stable
for many days before the cystic kidneys were re-
moved and analyzed.
Cyst localization. We analyzed fluid in 271 cysts
from eight patients. Sodium, potassium, and chlo-
ride concentrations were determined in all cysts as
a prerequisite for inclusion in the study. The vol-
ume of fluid from some cysts was too small to per-
mit analysis of any constituents other than their
electrolytes, and this accounts for the fact that a
comprehensive analysis could not be made for all
cysts.
It is well established by micropuncture studies in
lower animals that sodium concentrations less than
Urea
Patient
no.
Na K
mEqiliter
Cl Creatinine nitrogen P04 Glucose
Osmolality
mosmlkg
Age
years
Estimated
'steady-state"
monthsmg/dl
1 [HD] 135 5.5 97 11.5 81 3.9 117 294 47 21
2[HD] 137 4.3 93 12.8 56 9.2 134 290 46 3
3[HD] 135 3.9 95 8.9 74 5.0 98 320 43 12
4[HD] 138 4.8 95 15.3 77 6.5 123 291 48 27
5[HD] 138 5.1 96 11.1 90 3.6 104 294 64 9
6 [HD] 138 5.5 95 10.0 63 — 82 298 43 16
[TX] 137 4.0 106 1.7 25 2.4 129 277 0.7
7[HD] 138 4.6 98 17.0 113 8.2 87 — 36 6
ITX] 138 4.1 104 1.4 19 2.1 116 280 1.8
8 [OD]
Serum 134 4.6 103 1.3 22 — 251 300 34 2 days
Perfusate 137 17.0 86 — — — 383 314
a For the hemodialysis patients [HD], the serum values are averages determined over the estimated period in the "steady-state." For
the transplant patients [TP], the serum values are averages in the steady-state before, and in the period when serum values were
reasonably stable following renal transplantation. For the organ donor [OD], the serum values were obtained on two occasions prior to
nephrectomy and were averaged; the perfusate values were determined at the end of the period of perfusion just before the cysts were
aspirated. The missing values represent determinations that inadvertently were not performed.
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Fig. !. Serum creatinine and urea nitrogen Concentrations after
a renal allograft in a patient with polycystic kidney disease (pa-
tient 6). The patient was maintained on a hemodialysis regimen
for 16 months prior to receiving a cadaver renal allograft. Predni-
sone and azathioprine were used for immunosuppression. Two
acute rejection episodes (Sept. 10 and Oct. 10)were resolved by
bolus injections of methyiprednisolone. Because of hectic fever,
flank pain, pyuria, and leukocytosis, both polycystic kidneys
were removed on Nov. 11. Several cysts contained gross pus.
The clinical symptoms abated after nephrectomy.
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that of serum are established in the nephron beyond
the end of the S3 segment of the proximal tubule.
Consequently, the sodium concentration of the
urine can be used as a guide to separate random
fluid samples from nephrons into proximal and dis-
tal regions. Indeed, Gardner [5], Lambert [3], and
Bricker and Patton [4] showed in a few samples
from polycystic kidneys that some of the fluids had
sodium concentrations much less than that of
serum. In the present study, we found that sodium
concentrations obtained from a large number of
cyst fluids in eight patients segregated into two dis-
tinct populations (Fig. 2). The largest grouping of
samples was found near sodium values equal to that
of serum (cyst fluid/serum of 1.0) and the next larg-
est grouping contained sodium values less than 40%
as great as the respective serum concentrations.
The profile of sodium concentrations did not differ
substantially among cysts removed from azotemic
(hemodialysis) and nonazotemic (organ donor and
posttransplant) patients.
Table 2. Relative numbers of proximal, distal and indeterminant
cysts in eight patients with polycystic kidney diseasea
Patient no. Proximal Distal Indeterminant
1[HD] 29 4 3
2[HDI 28 8 2
3[HD] 10 18 3
4[HDI 9 15 2
5[HD] 22 4 0
6[TX] 18 0 1
7TX1 47 17 6
8[ODI 20 5 0
Subtotal /83 7/ /7
Percent of total 67.5% 26.2% 6.3%
a Abbreviations are defined in Table 1.
In the remainder of this report, we have used the
sodium profile method to categorize cysts for the
assessment of other urinary solutes. Proximal cysts
are defined as having sodium concentrations that
fall within a CF/S (cyst fluid/serum) range of 0.8 to
1.2. The limits of this range are somewhat arbitrary,
but take into account the fact that the range of
serum values is subject to at least a fluctua-
tion, especially in dialysis patients, and the fact that
proximal tubule epithelium can lower the concen-
tration of sodium to a minimum value 80% as great
as the serum sodium in the presence of nonreab-
sorbable lumenal solutes [8, 9]. The cysts with low
sodium concentrations are less problematic than are
the proximal cysts. We define distal cysts as having
CF/S ratios less than 0.4 to insure inclusion in this
group of nephron segments only beyond the thin as-
cending segment of Henle's loop. With this method
of selection, it is possible that some cysts of distal
origin might appear in the "proximal" grouping due
to incomplete production of a maximal sodium gra-
dient. Conversely, no cysts of proximal origin
should be included in the collection of distal cysts.
We refer to those cysts with CF/S values between
0.4 and 0.8 as belonging to an indeterminant group.
The relative distribution of the different types of
cysts categorized by the sodium profile method ap-
pears to be consistent with the relative density of
proximal and distal nephron segments near the sur-
face of most mammalian kidneys (Table 2). In gen-
eral, proximal cysts outnumbered distal cysts by
2.6:1.0, although the proportionality varied widely
among different kidneys.
Chloride. There was a direct relationship be-
tween the sodium and chloride CF/S values that
was remarkably compact, considering the inherent
variability of such a study (Fig. 3). In the proximal
region, cyst chloride values equaled those in serum,
whereas in the distal region the chloride values
were as low as I mEq/liter. It would appear that
chloride is as suitable a marker for nephron local-
ization of cysts as is sodium. We have not included
least-fit regression lines for this or succeeding rela-
tionships because there is no a priori reason to infer
an arithmetic, logarithmic, or more complex rela-
tion between the solute concentrations.
Potassium. The relation between sodium and po-
tassium CF/S ratios was much less regular than that
for chloride and sodium (Fig. 4). In general, cyst
potassium values tended to cluster at or slightly
above the serum potassium values in the proximal
region of CF/S sodium ratios; however, the impos-
sibility of determining the correct average serum
Sodium fluid/serum
Fig. 2. Distribution of cyst fluid sodium concentrations in 271
individual cysts.
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potassium values in all patients precludes an at-
tempt to determine the significance of the slight in-
crease in proximal cyst potassium above the serum
values. By contrast, in the distal region of CF/S so-
dium values, most of the potassium concentrations
of the cysts were remarkably elevated above the re-
spective serum values.
pH. There was a striking relation between CF/S
sodium and cyst fluid pH (Fig. 5). Cysts in the prox-
imal region of CF/S sodium ratios had pH values
approximately equal to that of blood, whereas more
distal cyst samples had pH values as low as 4.9.
Creatinine. The creatinine concentrations of
proximal cysts were essentially equal to the respec-
tive serum values in all patients (Table 3, Fig. 6).
There were a few exceptions in which proximal cyst
creatinine concentrations exceeded the serum value
by several-fold, but conversely, there were no in-
stances in which the cyst creatinine values were re-
markably lower than the respective serum.
The average creatinine concentrations of distal
cysts were much greater than the serum and the
proximal cyst values (Table 3, Fig. 6). The absolute
concentrations of creatinine in the distal cysts of
nonazotemic patients were not significantly greater
than those in the azotemic cysts (Table 3), although
the CF/S creatinine ratios of the nonazotemic pa-
tients were strikingly greater than were those of the
azotemic group (Fig. 6).
Urea. The urea (urea nitrogen) concentrations of
proximal cysts were nearly equal to the respective
serum values in all patients (Table 3, Fig. 6). The
average distal urea values in every azotemic patient
exceeded the concentration in either serum or the
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Fig. 5. Relation between sodium and pH in cysts.
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Fig. 3. Relation between sodium and chloride in cysts. The solid
line encloses an area containing 29 additional cyst values for he-
modialysis patients.
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Fig. 4. Relation between sodium and potassium in cysts. The
solid line encloses an area containing 60 additional cyst values
for hemodialysis patients. The logarithimic scale was used on the
ordinate to accomodate the wide range of values.
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Table 3. Analysis of solutes in proximal and distal cysts
Urea
Na K Cl Creatinine nitrogen P04 Glucose
Osmolality
mOsm/kg pHmEq/liter mg/dl
Proximal
Hemodialysis(5) 138 2.2 5.1 0.3 96 2 19.5 9.7 70 5 8.8 4.6 105 6 290 4 7.3
(3)
Nonazotemic(3) 140 0.9 6.3 1.6 111 3 1.8 0.1 24 4 2.3 0.5 156 19 301 9 7.4
(3)
4.8 0.9 25.3 5.6 18.3 2.4 49 10 92 12 26.0 8.0 254 48 293 10 5.2
(3)
28.9 31.5 31.7 65 72 32.7 298 347 5.3
76 6 5.6 1.0 115 6 298 5 7.4
22 2 2.3
(2)
165 43 286 7 7.4
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Fig. 6. Comparison of cyst fluid/serum ratios in proximal and
distal cysts. Mean SEM is given for average cyst fluid values
from five hemodialysis patients (HD). Mean values only are
shown for the two transplant patients (TX) and one organ donor
(OD). Absolute values for cyst fluids and serums are listed in
Table 3.
proximal cysts, although the absolute difference by
group comparison does not appear to be significant
(Table 3). The difference between proximal and dis-
tal urea values was accentuated in nonazotemic pa-
tients (Table 3, Fig. 6).
Phosphate. The average phosphate concentra-
tions of proximal cysts were not different from the
respective sera in azotemic and nonazotemic pa-
tients (Table 3). By contrast, the distal phosphate
concentrations were much greater than the serum
and proximal values were.
Glucose. The average glucose concentrations of
proximal cysts were similar to the serum values in
all patients although there was wide variability in
individual subjects (Table 3). The distal glucose
concentrations were uniformly greater than were
the serum and proximal values in all patients.
An association between phosphate and glucose
was also apparent (phosphate CF/S = 0.32 + 1.15
glucose CS/F, r2 = 0.46). Although the average val-
ues for proximal cyst phosphate and glucose ap-
peared to be nearly equal to serum (Tables 1 and 3),
the mean values were dominated by a large number
of cysts with CF/S ratios about 1.0. Several proxi-
mal cysts had phosphate or glucose concentrations
(or both) that were strikingly reduced below serum
values in the proximal cysts. By contrast, most of
the distal cysts had phosphate and glucose concen-
trations greater than that of serum.
Miscellaneous solutes in cysts. Calcium was ana-
lyzed in four azotemic patients (Table 4). The proxi-
mal and distal concentrations were nearly identical.
Calcium, urate, and total protein were measured
in proximal and distal cysts of patients 7 and 8, I e
nonazotemic subjects. The calcium concentrations
of proximal and distal cysts were 7.7 and 25.9 mg/
dl, and total protein concentrations were 3.3 and 5.3
g/dl for proximal and distal cysts, respectively.
"Hippurates" were estimated in two azotemic
patients. The proximal and distal concentrations
were 2.8 and 1.4 mmoles/liter, respectively.
Distal
Hemodialysis (5)
Nonazotemic (2)
Serum
Hemodialysis (5)
Nonazotemic (3)
137 0.7 4.7 0.3 95 0.6 11.9 1.0
136 1.2 4.2 0.2 104 0.1 1.5 0.1
Nonazotemic patients include the transplant and organ donor subjects. Values are the means SEM. Numbers of subjects are shown
in parentheses. Serum pH is estimated.
25
Nonazotomic
Azotemic
11—15 16-20 21-25
201-
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Table 4. Nominal composition of cyst fluids in azotemic patients
Proximal Distal
mmoleslliter mmoleslliter
Na 138 4.8
K 5.1 25.3
Cl 96 18.3
P04 5.1 15.1
Ca 3.9 4.0
Glucose 5.8 14.1
Urea 25 32.9
Creatinine 1.7 4.3
"Hippurates" 2.8 1.4
Total 283.4 120.2
Osmolality, mOsmlkg 290 301
Table 5. Volume and hydrostatic pressure of cysts
N Range Median
Volume, ml
Proximal 171 0.5 to 118.0 3.3
Distal 64 0.2 to 55.0 6.3
Pressure, mm Hg
Proximal 42 ito 30 6.0
Distal 17 0.5 to 30.0 8.0
Volume and pressure. Cyst volumes varied wide-
ly, extending to a maximum of 118 ml. There was no
apparent relation between volume and the nephron
origin of the cysts. The median volume for proximal
cysts was 3.3 ml and for distal cysts it was 6.3 ml
(Table 5). These values have limited statistical
meaning, for we sampled fluid from the largest cysts
we could find.
The pressures in cysts also varied widely, the
maximum being 30 and the minimum 0.5 mm Hg
(Fig. 7, Table 5). The median pressure for proximal
cysts was 6.0 and for distal cysts 8.0 mm Hg. There
was no apparent difference in cyst pressure be-
tween azotemic and nonazotemic patients, and
there was no relationship between sodium CF/S and
hydrostatic pressure.
Discussion
In the present study, we have analyzed the solute
concentration of cyst fluid in the same manner mi-
cropuncturists examine samples of fluid from dif-
ferent segments of renal tubules. This approach
seemed justified because previous microdissection
studies indicated that the cysts developed from re-
nal tubules, and analysis of a few samples of cyst
fluid revealed solute concentration profiles typical
of nephrons. The measurement of solute concentra-
tions in a large number of cysts from different pa-
tients in the present study has yielded strong evi-
dence that the cysts derive from renal tubules and
maintain to a large extent their tubular identity
throughout the life of the patient. The cysts are
lined by epithelium that has lost some of the identi-
fying surface features, such as microvilli and ba-
solateral infoldings, but the lining cells have re-
tained their apical junctional configurations typical
of "leaky" (proximal) and "tight" (distal) renal tu-
bules [10].
The sodium profile method appears to be a rea-
sonable way to segregate cysts generally into proxi-
mal and distal categories. The proximal cysts were
typified by average solute concentrations that are
indistinguishable from their respective sera, except
for phosphate and glucose. By contrast, the distal
cysts had striking concentration gradients for so-
dium, potassium, chloride, phosphate, glucose,
creatinine, and hydrogen ion. The results agree
basically with the earlier observations of Lambert
[3], Bricker and Patton [4] and Gardner [5], and
with their principal conclusion that cysts are gigan-
tic nephrons. In the present study, we analyzed cyst
composition from patients in three stages of the dis-
mm Hg
Fig. 7. Pattern of transmural hydrostatic pressures in cysts.
Measurements were from four patients, two azotemic and two
nonazotemic (posttransplant). See Table 5 for mean and median
values for proximal and distal cysts.
0
>
a,
-D0
382 Huseman et at
ease (preazotemic, azotemic, and postazotemic) to
obtain a better understanding of the function of the
cyst epithelium during the progression to end-stage
renal failure. It appears that the cysts develop from
all portions of the nephron and collecting system,
and though we can only categorize the cysts as
proximal or distal by the sodium profile method, in-
spection of other solutes such as glucose, phos-
phate, potassium, chloride, and hydrogen ion in-
dicates that some cysts may have originated from
more specific nephron segments, such as the Si, S2,
or S3 segments of proximal tubule, the cortical as-
cending limb of Henle's loop, the distal convoluted
tubule, and the cortical collecting tubule. Perhaps in
future studies better ways can be developed to char-
acterize the specific transport properties of individ-
ual cysts because this type of information bears cru-
cially on the pathogenesis of the disease. If the
cysts begin as focal out-pouchings of renal tubule,
not unlike a berry aneurysm in an artery, the epithe-
hum of the mature cyst would be expected to retain
the characteristics of the specific tubule segment
from which it arose. On the other hand, if long sec-
tions of tubule dilate initially, the mature cyst may
contain epithelium capable of performing a wide va-
riety of functions. Our current studies favor the
view that cysts form as focal extensions of renal tu-
bule. In the distal cysts for example, for the urinary
sodium and chloride to reach such low values (ap-
proximately 1 mEq/liter), one must suppose that the
epithelium arose from a cortical collecting tubule.
Distal cysts with higher concentrations of sodium
and chloride probably arose from distal convoluted
tubules. Had the cysts arisen from a long saccular
dilation of distal nephron, the fluid values could not
have reached the extreme minimum levels.
Whether the cysts are congenital or developmen-
tal is not addressed by this study. Irrespective of the
primary defect, it seems reasonable to suppose that
consistent cyst-building forces operate continuous-
ly as the patient approaches end-stage renal in-
sufficiency. There are four principal ways cysts
could form from nephrons: by secretion of fluid into
obstructed renal tubules, by sequestration of gb-
merular filtrate in highly compliant regions of the
tubule, filtration of fluid into tubules that are ob-
structed at some distal point, or by primary growth
of the tubules in a way to cause filtrate to accumu-
late in an expanding tubular segment.
There are two established mechanisms by which
fluid could be secreted into the tubules. For both
these there would have to be obstruction to distal
outflow to lead to tubule enlargement, otherwise the
secreted fluid would simply run into the renal pel-
vis. (1) Fluid can be secreted into proximal tubules
(the S2 segment primarily) in conjunction with or-
ganic anions (for example, hippurates) [11, 12]. The
maximal rates of transport by fluid secretion are rel-
atively low (0.1 nI/mm/mm) in comparison to nor-
mal rates of single nephron filtration (approximately
50 nllmin) in humans. Consequently, fluid secretion
tied to the transport of organic anions would be
quantitatively significant only in nephrons with ob-
structed outflow. Organic anion levels (specifically
hippurate) must exceed a concentration of about 40
mmoles/liter in the proximal tubule to reverse the
normal absorptive movement of urine [13]. The lev-
els of hippurate-like material detected in the cysts in
the current study (Table 4) were considerably less
than the concentration needed to cause fluid secre-
tion in normal nephrons.
(2) Fluid secretion could be caused by the degra-
dation of proteins in the cyst fluid to form numerous
osmotically active peptides and amino acids. The
cysts contain concentrations of protein nearly equal
to that of serum. Gardner [5] showed that distal
cysts especially had high concentrations of amino
acids, some of which may have been secreted and
some of which may have derived from serum pro-
teins. Our studies are consistent with Gardner's
findings because there was a large osmotic "gap"
for both cations and anions in the distal cysts (Table
4). This gap is probably made up of cationic and
anionic amino acids in the concentrated distal fluid.
Although anion secretion and protein degradation
(or amino acid secretion) are physiologically plau-
sible mechanisms for causing fluid secretion, sever-
al factors weigh strongly against a secretory mecha-
nism of fluid transport in PCKD. (A) In the present
study we observed that the creatinine concentration
of all cysts was equal to or greater than that of the
respective serum. Although proximal cysts are rela-
tively permeable to creatinine, the distal cysts are
not. Were fluid secreted into an obstructed segment
of tubule, the creatinine concentration of the distal
cysts would be much lower than that in the serum,
not several-fold higher as observed in these studies.
(B) Were fluid secretion the motive force for tubule
enlargement, one would expect to find very high hy-
drostatic pressures in the cysts, and flattening of the
epithelium on inspection by electron microscopy.
In the present studies, direct measurement of pres-
sure in the cysts showed most values to be in the
range expected of normal transtubular hydrostatic
pressure (vida infra). In an earlier paper, we report-
ed that the epithelium lining most cysts was not flat-
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Fig. 8. Relation between outer tubule diameter and reabsorption
of glomerular filtrate. For this analysis it was assumed that a 1-
cm segment of tubule with an initial outer diameter of 40 ji was
perfused at a rate equal to the normal SNGFR (50 nI/mm). The
straight lines give the percentage of the filtrate absorbed in rela-
tion to the outer tubular diameter. Two rates of absolute fluid
absorption are shown: 10 nI/mm/cm reflects a normal rate of
proximal fluid absorption and 1 nI/mm/cm reflects a distal rate.
The filtrate is completely absorbed when tubule diameter reaches
200 in proximal and 2000 in distal tubules.
tened [10]. (C) Remarkably high levels of amino
acids (in this study reflected by a gap of anions and
cations) are found only in the distal cysts; yet, prox-
imal tubules enlarge as well, though no undeter-
mined osmotic material was found in them. In view
of these considerations, it is unlikely that fluid se-
cretion contributes in an important way to the
growth of cysts in hereditary PCKD.
Earlier work [3, 4] was interpreted to indicate evi-
dence for filling by glomerular filtration, but those
studies are suspect because more inulin was found
in the cysts than could have been filtered by single
glomeruli in such a short period of study. Inulin
may have leaked into the proximal cysts across
leaky apical junctions to account for the relatively
high concentrations of inulin in cysts in relation to
serum observed in their studies. Nevertheless, the
remarkable concentration of creatinine in the distal
cysts of the present study makes tubular enlarge-
ment by glomerular filtration a most likely possi-
bility.
Several lines of evidence point to the probability
that the absolute rates of tubular absorption are re-
duced below normal values. Were the tubules to ab-
sorb fluid at a relatively normal rate per unit of sur-
face area, as the lumen expanded progressively it is
easy to see that at some point in tubular enlarge-
ment the absorption of fluid would become equal to
the rate of glomerular filtration, and the cyst would
stop growing. Assuming representative values for
single nephron filtration rate (SNGFR) and tubular
fluid absorption for proximal (l0- liters/mm/mm)
and distal (10b0 liters/mm/mm) tubules, it can be
shown that filtration would equal reabsorption
when the outer diameter of the tubule wall reached
200 (0.2 mm) for proximal and 2000 p. (2 mm) for
distal cysts (Fig. 8). From the present studies it is
clear that proximal and distal cysts enlarge to much
greater diameters than these limiting values (130
and 13 times, respectively); consequently, the rate
of net fluid absorption in cysts must be much less
than is that for normal proximal or distal tubular
epithelium.
By the same token, the SNGFR may also be less
than is normal in individual cysts. The largest cysts
in these adult patients contained slightly more than
100 ml. Assuming continuous filling over a period of
about 45 years, the cysts would appear to fill at a
rate equal to one tenth of the normal SNGFR for
humans. We have also used a different strategy to
estimate the filling rate of cysts. If it is assumed that
(a) each distal cyst collects fluid from only one
proximal segment, (b) distal cysts are relatively im-
permeable to creatinine, (c) the creatinine concen-
tration in median-sized distal cysts (6.3 ml) is 57
mg - dl, and(d) the serum creatinine is 1.5mg .dl
during the predominant period of cyst growth (45
years), the normal rate of filling would be about 10
nl/min, a value about one fifth of the normal
SNGFR for humans. These two estimates of the
maximal rate of cyst growth lend support to the
notion that cysts can fill by entry of glomerular fil-
trate and that both the SNGFR and absolute rate of
"tubular" absorption are markedly decreased be-
low normal.
On the basis of this analysis, it is also clear that
PCKD must cause only a small fraction of the neph-
rons to enlarge to such a massive extent. Were all
the tubules to sequester one fifth of the whole kid-
ney GFR from the beginning, the kidneys would ex-
pand to an absurd size within a few days. It would
appear, therefore, that a few nephrons develop the
cysts, and that the progression to end-stage renal
disease is not due to the formation of cysts in all
nephrons, but rather consequent to the effect of
cysts on the function of adjacent noncystic neph-
rons.
From the foregoing it appears that unreabsorbed
glomerular filtrate accumulates in cystic portions of
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renal tubules. There are two principal hypotheses
regarding the mechanism of cyst formation: (1) ob-
struction of tubular outflow may cause lumenal
pressure to rise and stimulate the secondary en-
largement of the tubules, and (2) in consequence of
a primary increase in compliance, the tubules may
expand without an increase in transmural hydro-
static pressure.
A substantial body of literature has been obtained
in support of the view that tubular obstruction is the
principal cause of PCKD [14-16]. According to this
thesis, in the first place collecting tubules become
obstructed, possibly in response to the growth of
tiny sessile adenomas into the tubular lumens [16,
17]. Distal obstruction would increase intratubular
pressure in all segments proximal to the occlusion,
and presumably the increase in wall tension would
cause the tubules to expand and form cysts. This is
an attractive hypothesis that seems applicable in
both the experimental and the human form of
PCKD. The compliance of normal renal tubules is
rather low, however, meaning that transmural pres-
sures equivalent to several hundred millimeters of
mercury would be needed to cause dilation to the
extent seen in PCKD [18—21]. The pressures mea-
sured in the present study (Table 5) were not dis-
similar from those expected across the walls of nor-
mal renal tubules. Knox et al [22] measured a trans-
tubule pressure difference of 8.2 1.5 mm Hg in the
normal dog, compared to a 4-mm-Hg gradient in the
rat. Human transtubule pressures should lie some-
where in this range. One cannot exclude, however,
the possibility that the yield stress of the tubule was
exceeded by chronic high pressure causing plastic
deformation of the tubule wall. This seems unlikely
because rather than finding no transmural pressure
gradient, we found significant transmural pressures
in our studies, as has been reported by others [23].
It is well known that kidneys from adult patients
with obstructed ureters do not develop polycystic
kidneys. To the contrary, the GFR ceases, renal
blood flow diminishes, and the parenchyma at-
rophies. Adult kidneys with partial ureteral obstruc-
tion do not become cystic either. For these reasons
it seems unlikely that tubular obstruction a/one can
be the proximate cause of PCKD. Distal tubular ob-
struction would certainly accelerate the growth of
cysts were the primary defect in PCKD in the wall
of the tubule. There are no known mechanisms,
however, by which solitary distal obstruction would
cause an increase in the compliance of the tubule
wall of more proximal nephron segments leading to
focal, rather than generalized, dilations of the tu-
bules.
In an alternative view, it is suggested that there is
a defect in the basement membrane, the principal
support of the tubule wall [18, 24]. The bizarre ap-
pearance of the tubule basement membrane in stud-
ies of cyst ultrastructure, the appearance of cysts in
other organs, notably the liver, the high incidence
of arterial aneurysms in patients with PCKD, and
the focal dilations observed in microdissection stud-
ies of human cystic disease suggest a defect in the
supporting framework. In this view, a basement
membrane (collagenous) defect is held to be prima-
ry. The tubule basement membrane defect could be
due to defective synthesis of basement membrane
protein, or to abnormal growth of the tubule cells
and basement membrane. Alternatively, the defect
in the wall could be secondary to external modifi-
ers, such as leukocyte collagenase and elastase, in
which case PCKD could turn out to be the renal
equivalent of pulmonary emphysema [25].
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